This work presents a torque measurement method of 3-degree-of-freedom (3-DOF) haptic master featuring controllable electrorheological (ER) fluid. In order to reflect the sense of an organ for a surgeon, the ER haptic master which can generate the repulsive torque of an organ is utilized as a remote controller for a surgery robot. Since accurate representation of organ feeling is essential for the success of the robot-assisted surgery, it is indispensable to develop a proper torque measurement method of 3-DOF ER haptic master. After describing the structural configuration of the haptic master, the torque models of ER spherical joint are mathematically derived based on the Bingham model of ER fluid. A new type of haptic device which has pitching, rolling, and yawing motions is then designed and manufactured using a spherical joint mechanism. Subsequently, the field-dependent parameters of the Bingham model are identified and generating repulsive torque according to applied electric field is measured. In addition, in order to verify the effectiveness of the proposed torque model, a comparative work between simulated and measured torques is undertaken.
INTRODUCTION
T IS GENERALLY OBSERVED that the yield stress of electrorheological (ER) fluid significantly increases when subjected to external electric fields [1] . Since the yield stress of ER fluid can be continuously controlled according to the control electric input, semi-active damping control systems featuring ER fluid are very attractive for many application systems. It is also known that other advantages of ER applications include fast response time, quiet operation, simple mechanism, low power consumption, and high stability [2] . Due to these advantages, tremendous researches such as damper [3, 4] , and brake [5, 6] have been triggered. Particularly, previous studies related to ER brake were utilized to keep from transmitting actuating torque of motor in automotive field. Since the ER brake only needs to generate 1-DOF motion, the brake mechanism is very simple. Accordingly, experimental methods of ER brake for torque measurement and tracking control are relatively easy. However, braking mechanism has recently been adopted to realize the repulsive force along the motions of a surgeon in medical fields. Therefore, there have been continual calls for a new kind of brake mechanism which can realize the multi motions of a surgeon.
Typically, it is known that a robot-assisted surgery needs support of a master-slave robot system. The master commands the slave robot to perform surgery. In order to reflect the physical constraints of the robot to the surgeon, the realization of human sense such as haptic master has been broadly researched in robotic fields. Most of the haptic master devices had utilizing motors, links or wires. While these systems can generally reflect the reaction force of an organ, they also have problems such as complex mechanism and safety problem concerning unexpected movement of actuators [7] . Moreover, it is difficult to control reaction force continuously and smoothly. Therefore, several researches featuring ER fluid have been investigated for the haptic master system. Kikuchi et al. developed a new practical haptic device 'PLEMO-P1'; this system adopted ER brakes as its force generators [8] . Furusho et al. developed an ER brake and showed a passive force display system using ER brakes with two degrees of freedom [9] . However, these researches were conducted by using 1-DOF ER brake. Therefore, researches utilizing multi-DOF ER brake are required to realize the multi motions of a surgeon. In addition, it is indispensable to develop the experimental methods of multi-DOF ER brake for torque measurement.
Consequently, the main contribution of this work is to propose a torque measurement method of 3-degree-offreedom (3-DOF) haptic master featuring controllable ER fluid. Due to spherical joint mechanism, the proposed haptic master is not only to generate three rotational motions but also to reflect the reaction force of an organ. In addition, by establishing the proper torque measurement method, it is possible to measure repulsive torque of the master device accurately. The torque models along rotational motions are derived based on the Bingham model and the geometric features of the ER haptic master. After obtaining the fielddependent value of the Bingham model, the torque measurement test is conducted to compare predicted torque. It is demonstrated via experimental investigation that the predicted torque value is successfully achieved by implementing the proposed torque measurement method which is specially set for the 3-DOF haptic master. It is also shown that the proposed haptic master can generate appropriate torque level required for robot-assisted surgery application. 
MODELING OF HAPTIC MASTER
A spherical joint featuring ER fluid has been proposed to achieve repulsive force-feedback along 3-DOF rotational motions. The repulsive force-feedback is realized by ER fluid which behaves as the Bingham model whose constitutive equation is given by [10] :
where τ is the shear stress, η is the viscosity of ER fluid, γ& is the shear rate, and shows the schematic configuration of the ER spherical joint which consists of a spherical ball and spherical housing. The ER fluid is inserted between the spherical ball and spherical housing. In order to apply electric field to ER fluid, the role of spherical ball and spherical housing is inner and outer electrodes, respectively. A tape which has a very small friction coefficient is attached to maintain gap distance at 6 points of spherical housing. The torque induced by ER spherical joint can be expressed as follows:
where T c is the torque induced by dynamic yield stress of ER fluid, η T is the friction torque induced by ER fluid and T f is mechanical friction torque. T c and η T can be derived by
where S is the contact area between ER fluid and outer electrode. r m is the moment arm distance from the one point on the inner electrode to rotational axis. In spherical joint mechanism, there is a pitching, rolling, and yawing rotational axis as shown in Fig.2 . The moment arms of three rotational axes are expressed as follows: 
where r e is the radius of inner electrode. Since geometric shape of ER spherical joint along X and Y axes is identical with the inner and outer electrodes as shown in Fig.1 ., moment arms along X and Y axes are the same. As shown in Fig.2 ., an arbitrary point of the ER spherical joint is represented by the angles u and ν . Under consideration of Eqs. (3)- (4) , Eq. (2) can be rewritten as follows: where ω is the angular velocity of the spherical joint, t s is the gap size and o ν is constant angle of outer electrode. From (5), the repulsive torque of ER spherical joint is mainly determined by two design parameters, r e and o ν . During design procedure, mechanical friction torque is supposed to be zero. The maximum yield stress of the employed ER fluid is 1.26 kPa at 2 kV/mm, and the With determined design parameters, ER spherical joint was manufactured as shown in Fig.3 . In order to measure the generated repulsive torque, 6-axis torque sensor (ATI, Nano 17) is attached at the middle position of gripper connected to the inner electrode. In order to measure rotational position information, spherical link with encoders is connected to the gripper. It is noted that the measured rotational position information is converted to command signal for slave robot in the RMIS system. As shown in Fig.4 ., the end position of the gripper, determined by pitching angle and rolling angle, can be expressed as follows: 
TORQUE MEASUREMENT
In this work, a rotational coaxial cylinder type viscometer is utilized to obtain parameters for the Bingham model. As shown in Fig.5 ., the viscometer consists of torque sensor, rotating inner cylinder and stationary outer housing. It is also noted that edge effect in the bottom of cylinder is assumed to be zero to simplify the torque and shear rate modeling. It is also remarked here that the edge effect from the above assumption has been observed to be very small in this experiment. The speed of inner cylinder is controlled by a DC servomotor (Mitsubishi Corp., HC-KFS73) to get the shear rate up to 2,000 s
The maximum torque and speed of the DC servomotor is 7.2 Nm and 4500 rev./min, respectively. The gap between the inner cylinder and the outer housing is fixed by 1 mm. The torque signal is measured by the torque sensor (Dacell, TRD-5KC). The maximum input to the viscometer is 2 kV. Once the inner cylinder is rotated with constant velocity and constant electric field, torque signal is measured as shown in Fig.6 . The electric field is applied to ER fluid for 1 sec. After the electric field is applied, the torque value is collected for 0.2 sec and the average value of measured torque is calculated to minimize the overshoot effect of torque value in initial response. From the average torque value, the shear stress, τ , and the shear rate, γ& , can be calculated as follows 
where T is the measured torque value and C L is the resistance coefficient of surface correction. The value of C L is normally determined by empirical method and in this work this value is determined by 1.1 [12] . L is the length of the inner cylinder. R o is the radius of the outer cylinder, and R i is the radius of the inner cylinder. For more detailed information, please refer to our previous study [12] . Fig.7 . shows the shear stress calculated from the measured torque according to numerous velocity and electric input conditions. From Fig.7 ., the yield stress of ER fluid is obtained from the intercept at zero shear rates. As shown in Fig.8 ., the dynamic yield stress of the employed ER fluid is expressed by 500.2E After manufacturing the ER haptic master, the generated repulsive torque performance of the haptic master device is evaluated. Fig.9 . shows an experimental apparatus for torque measurement. In order to rotate the gripper with constant angular velocity, the AC motor attached to the spherical link is employed. When the gripper rotates along the rotational axes, torque information is obtained from 6-axis torque sensor (ATI Corp., Nano 17), and transferred to the microprocessor (computer).
Step input is amplified by high voltage amplifier and transferred to the haptic master. Fig.10 . presents the repulsive torque measured by the 6-axis torque sensor and the simulation results calculated by utilizing (5) . The maximum generated torques are 0.761 Nm (yawing motion) and 0.559 Nm (rolling motion) at 2 kV/mm, respectively. From the experimental results, the proposed haptic master device can provide appropriate torque level for the force-feedback performance to the operator without exhibiting significant errors between simulation value and experimental result. In addition, Outer Housing these results, it is demonstrated that the predicted performance is successfully achieved by implementing the proposed 3-DOF haptic master. Additionally, torque tendency of Z axis behaves as an underdamped system, while torque tendency of X and Y axes behaves as an overdamped system. Thus, the second-order dynamic models along 3-DOF rotational motions can be derived as follows :   3  3  2  3  ,  2  3  ,  3  ,  3   2  ,  2 , ,
where u i is the generalized force, F i is the produced force induced by repulsive torque of pitching and rolling motions at the gripper, and T is the produced torque in yawing motion. I i is the influence coefficient due to the generated torque/force per unit yield stress. And i ξ is damping ratio and i n, ω is natural frequency of the dynamic models.
The subscript numbers such as 1, 2 and 3 are used to distinguish the three different rotational motions. The detailed information for dynamic models is listed in Table 2 . 
CONCLUSION
In this work, a repulsive torque measurement generated from 3-DOF ER haptic master featuring spherical joint mechanism was conducted. By controlling the electric field applied to ER fluid, the haptic device can easily generate repulsive torque along the 3-DOF directions. After demonstrating the mechanical configuration of the proposed haptic master device, the torque models of the proposed haptic master were mathematically derived based on the Bingham model of ER fluid. In order to verify the validity of the proposed torque model, the yield stress performance of ER fluid and the torque performance of manufactured haptic device were measured and evaluated. The experiment results show that the torque model for the proposed haptic master can generate the measured torque levels without significant errors. It has been also shown from the measured torque levels that the proposed haptic master can be effectively utilized for the repulsive torque required to operate the robot-assisted surgery application.
